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Abstract 
According to the U.S. Department of Education National Center for Educational Statistics (NCES) 1999 report, 
Condition of America’s Public School Facilities, approximately one-quarter of the nation’s schools, housing 11 
million children, require extensive repair. According to the 2013 ASCE American Infrastructure Report Card, major 
knowledge gaps exist regarding the current state of our school infrastructure. Funding for school facilities has 
dropped by 50% since the start of the 2007 recession. The ASCE report emphasizes a need for the development of 
comprehensive preventive maintenance programs. This paper reviews the literature on risk-based maintenance 
management and compares this approach to condition-based management systems. The paper further describes an 
ongoing study to develop and validate a Failure Modes and Effects Analysis (FMEA) system for maintenance 
management risk analysis for public school facilities. 
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2.0 Background and Motivation 
2.1 The Current State of Our Public School Infrastructure                                                             
As with the bulk of the national civil infrastructure, the public school infrastructure is at risk of 
deterioration and in need of systematic 
condition management. The American Society 
of Civil Engineers (ASCE) states in its 2013 
Infrastructure Report Card that there has been 
no comprehensive assessment of the condition 
of the public school facilities in more than a 
decade.2  Spending on the nation's schools 
grew from $17 billion in 1998, to a peak of 
$29 billion in 2004, only to drop by 2007, to 
$20.28 billion.  Since the start of the national 
recession in 2007, school facility spending has 
dropped by 50%, to 10 billion in 2012.  The 
National Education Association estimates the cost to renovate the school infrastructure to 
acceptable condition to be $322 billion.7 The most recent comprehensive evaluations of the 
public school condition were performed in the late 1990’s. In 1996, the United States General 
Accounting Office (GAO) reported on the condition of the national public school infrastructure 
and estimated that $1  12 billion is required to repair or upgrade America’s multibillion dollar 
investment in facilities to good overall condition.3  
 
Approximately fourteen million students, distributed 
nationwide, are required to attend the one-third of schools 
that have inadequate conditions. According to a 2000 
report of the National Center for Education Statistics 
(NCES), three-quarters of schools reported having 
facilities that were in fair or poor condition. Eleven million 
students were enrolled in schools reporting inadequate 
environmental conditions. These maintenance conditions 
varied by concentration of poverty: schools with the 
highest concentration of poverty were more likely to report 
poor conditions.  
Schools reporting poor facility conditions tended to be 
located in urban centers and rural regions.8  The 
condition of K-12 school facilities in the United States is 
primarily a local and state responsibility, and there is 
limited national information.  Since the start of the 2007 
recession, state funding for education has declined, with 
35 states now providing less than 2008 funding levels.  
Additionally, 26 states provided less funding for 2012-
2013 than the year before.  In the years since the start of 
the recession, the funding for school facilities has 
continued to decline, from a modest $16.4 billion in 
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2008 to $10.3 billion in 2012.  Since 1980, the federal investment has typically been only 8%, 
while the states provide 48% and localities 44%, on average.  In the fall of 2012, more than 49.8 
million students entered the public school system, up from 49.3 in 2009.  Student populations are 
predicted to grow gradually over the next five years, with anticipated record-high new 
enrollments between 2014 and 2019.2  The ASCE report concludes with a few strong 
recommendations, including the need for systematic, comprehensive preventative maintenance 
programs and a national data collection system for reporting of school facility condition.  The 
proposed research aims to directly address these recommendations. 
 
2.3 Facility Maintenance Management Systems 
Over the past few decades, facility maintenance strategies have been through a major 
metamorphosis from reactive, ad-hoc, maintenance approaches, to more advanced approaches 
such as condition-based maintenance, reliability-centered maintenance, and expert systems 
approaches.4,5,6  Effective maintenance management requires knowledge of the building 
inventory (sizes, types, and interrelationships of component parts), physical condition (measure 
of deterioration of individual components and building as a whole), component performance 
(condition over time), and the impact of component performance on overall building 
performance. Also, understanding how building performance affects an installation's mission is 
essential to effective maintenance management. 
 
Perhaps the most well-established maintenance management system for built facilities is that of 
the U.S. Army Construction Engineering Research Laboratory (USACERL).  USACERL has 
created Engineered Management Systems (EMSs) to aid the Directorate of Engineering and 
Housing (DEH) and Facility Engineers (FEs) in performing effective maintenance management. 
These include PAVER,3 RAILER,4 PIPER,5 ROOFER, PAINTER, SCALER, and BRIDGER. 
Most of these systems apply to single-component facilities (PAVER and PIPER) or a major 
component within a facility (ROOFER, SCALER, and PAINTER) RAILER and BRIDGER 
apply to several components. BUILDER EMS applies to complex facilties.  The goal of an EMS 
is to use engineering technology systematically to determine when, where, and how best to 
maintain facilities. All of the USACERL EMS systems are founded upon condition-based 
approaches and utilize condition inspection and index assignment.  Condition is the primary 
criterion upon which maintenance decisions are made in these infrastructure-facility 
management systems.  In the industrial facility realm, condition-based maintenance 
management strategies have been replaced with risk-based approaches.  Condition-based 
decision making has its limitations; particularly in complex facilities where condition 
deterioration is widespread.  A risk-based approach will factor key elements of facility 
performance into maintenance prioritization.  In the proposed work, lessons from the industrial 
facility realm will be applied to the infrastructure facilities of public school systems. 
 
2.4  Risk-based Maintenance Management 
Risk analysis is a technique for identifying, characterizing, quantifying, and evaluating the loss 
from an event.  This approach integrates probability and consequence and can be defined both 
quantitatively and qualitatively by the equation:   Risk = (probability of failure)(severity of 
consequences).  The risk-based maintenance strategy, which emerged in industrial facility 
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management in the 1990’s, provides a new vision for asset integrity management.7-12  This 
approach uses the “risk level” as a criterion to plan maintenance tasks and has received 
increasing attention from researchers in recent years.  Chen and Toyoda13 proposed a strategy for 
maintenance scheduling based on equalizing incremental risk.  The risk-based inspection and 
maintenance strategy developed by the American Society of Mechanical Engineers (1991) was 
used as a basis for developing a “base resource document on risk-based inspection” by the 
American Petroleum Institute, API (1995).  Work by Aller, Horowitz, Reynolds, and Weber14 
and Reynolds15 constituted the basis for the development of a risk-based inspection policy for 
equipment.  A risk-based approach has been applied successfully to the maintenance of oil 
pipelines. Dey, Ogunlana, Gupta, and Tabucanon16 discussed a simple risk-based model for the 
maintenance of a cross-country pipeline. Nessim and Stephens17 proposed a quantitative risk 
analysis model, and recently Dey18 described a more general model for risk-based inspection and 
maintenance of cross-country pipelines. The use of a risk-based policy in the maintenance of 
medical devices has been tackled by Capuano and Koritko19 and Ridgway20.   
Failure Mode and Effects Analysis (FMEA) was one of the first systematic techniques for risk 
analysis. It was developed by reliability engineers in the 1950s to study problems that might 
arise from malfunctions of military systems. Procedures for conducting FMEA were described in 
US Armed Forces Military Procedures document MIL-P-1629 (1949); revised in 1980 as MIL-
STD-1629A). By the early 1960s, contractors for the U.S. National Aeronautics and Space 
Administration (NASA) were using variations of FMEA under a variety of names. NASA 
programs using FMEA variants included Apollo, Viking, Voyager, Magellan, Galileo, and 
Skylab. The civil aviation industry was an early adopter of FMEA, with the Society for 
Automotive Engineers (SAE) publishing ARP926 in 1967. During the 1970s, use of FMEA and 
related techniques spread to other industries. In 1971 NASA prepared a report for the U.S. 
Geological Survey recommending the use of FMEA in assessment of offshore petroleum 
exploration. A 1973 U.S. Environmental Protection Agency report described the application of 
FMEA to wastewater treatment plants. The automotive industry began to use FMEA by the 
1970s. Although initially developed by the military, FMEA methodology is now extensively 
used in a variety of industries including semiconductor processing, food service, plastics, 
software, and healthcare.  To date, few instances of FMEA application to facilities maintenance 
can be found in the literature.  However, the Department of the U.S. Army did produce a 2006 
Technical Manual for performing FMEA for facilities maintenance management (TM 5-698-4).    
 
 2.5.1 Condition Assessment 
This paper reports on an ongoing research project to develop a maintenance management system 
for public school infrastruction.  An initial phase involved the development of condition 
assessment protocols and condition indices.  This field study took place in 10 public schools in 
rural SW Virginia:  Montgomery County, Craig County, and Rockbridge Country.  School 
facilities build prior to 1980 were used in the study.  Twenty buildings, in all, were inspected and 
catalogued for the development of the indices described in this section.   Indices for building 
component, building sub-unit, and whole-facility condition were developed for both ACM and 
LBP.  Sets of key parameters were developed, based on findings from actual school facilities. 
Inspection of three elementary school facilities identified the ACM and LBP and key parameters. 
The parameter sets included:  building components likely to contain ACM or LBP, occurrence 
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rate of each building component type (count or area), common distress types, visual condition 
indicators, and hazard severity ratings. In a local public school system, the project team fully 
characterized all building components that are ACM and LBP in three school facilities built prior 
to 1980.  ACM determination was made using polarized light microscopy.  LBP determination 
was made through the use of a portable x-ray fluorescence monitor. A database of building 
components, locations, and results of ACM and LBP analyses was created.  The parameter sets 
included building components likely to contain ACM or LBP, occurrence rate of each building 
component type (count or area), common distress types, visual condition indicators, and hazard 
severity ratings. Occurrence rate is an indication of the extent to which the building component 
material is present in the facility and is determined by either component count or area 
measurement, whichever is most appropriate for that component type.  For example, linear feet 
would indicate the extent of ACM pipe insulation; square feet would indicate the occurrence of 
LBP wall area. An occurrence weighting factor scale (0.0 – 1.0) was developed and applied in 
the computation of the Whole-Facility Condition Index. A hazard severity weighting factor (0.0 
– 1.0) was developed to account for varying risks associated with different types of ACM and 
LBP materials. For example, paint containing less than 600 ppm would be categorized 
differently from paint containing an excess of 5,000 ppm. Similarly, thermal system insulation 
(TSI) would receive a different hazard severity factor than would ACM flooring tile.  TSI is 
known to contain a more hazardous form of asbestos (amosite) in a more readily friable matrix.  
This weighting factor applies to the computation of the Building Component Condition Index 
(BCCI).   
 
2.5.2 Condition Indices 
A condition index algorithm was developed, which incorporates the parameter sets described, 
above.  This index will provide a means for predicting future asset condition and will be 
employed in reliability analyses in subsequent research phases. This project developed three 
condition indices for each hazardous material, ACM and LBP:  the Condition Index (CI), the 
Building Component Condition Index (BCCI), and the Whole Facility Condition Index (WFCI).  
The Condition Index (CI) is a number from 0 to 100 and is indicative of a material’s condition.  
The CI algorithm was adapted from that which was developed by the U.S. Army Corps of 
Engineers22 in the 1990’s to assess its civil works. The CI has three action zones and seven 
condition levels. Subsequent to the initial inspections to characterize ACM and LBP and collect 
parameter set information, a set of condition assessment protocols and heuristics was developed 
to guide objective and repeatable inspections.  To test for repeatability of the methodology, three 
independent inspectors were trained on the protocols for visual condition assessment and 
assignment of ratings of the Condition 
Index scale.  The inspectors evaluated 
identical sample building components 
and assigned CI values, occurrence 
factors, and hazard severity ratings.  
The repeatability of the inspector scores 
was evaluated through multivariate 
analysis of variance (MANOVA), with subsequent univariate analysis of variance and pairwise 
comparisons by Tukey’s HSD.  All statistical analyses were performed using JMP™ 7.0.   
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Building Component Condition Index (BCCI):  After components were inspected and their 
Condition Indices assigned based on visual assessment, the BCCI, which incorporates hazard 
rating factors, was determined. 
 
Whole Facility Condition Index (WFCI):  The separate BCCI’s were then combined into a 
school-wide index of 
material condition, the 
WFCI.  This index factors 
the occurrence ratings into 
the algorithm, to weight the 
materials according to the 
extent of their presence in 
the facility.   
 
 
2.5.3 Streamlined LCA Methodology for Maintenance Priorities 
This project developed a new semi-quantitative streamlined life cycle assessment (SLCA) 
method, the Environmental Relative Burden Index (ERBI), for describing and ranking the 
relative environmental burdens associated facility operations and maintenance options.  The 
ERBI was used to evaluate asbestos-containing materials (ACM) and lead-based paint (LBP) 
management options in public school facilities. Ten subject-matter-experts (SME) provided input 
into the development of 
the ERBI for 
management alternatives 
for ACM and LBP in 




by the American Board of 
Industrial Hygiene 
(ABIH), with additional 
credentials as asbestos 
management planners and 
lead-paint risk assessors.  
The SME group provided 
input into the 
development of the LCA 
Goal and Scope 
Definition through 
participation in an internet-based focus group discussion.   The SME participants provided input 
into the development of the ERPA matrix, through assignment of ratings to environmental 
impacts per maintenance process alternative. Based on the RERB scores, the ACM and LBP 
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maintenance management alternatives available to public school facilities managers have the 
following rank-order, in terms of descending overall environmental impact:  full abatement of 
LBP, full abatement of ACM, no action LBP, no action ACM, encapsulation/containment LBP, 
encapsulation/containment ACM.   Therefore, facility managers could use this ranking to aid 
their decision-making regarding management of these hazardous building materials and the 
ERBI would indicate that encapsulation/containment is the lowest-environmental-impact 
alternative available.  The SME team reviewed this finding and general consensus of the 
discussion supported the rank-order.    
 
2.5.4 Failure Modes and Effects Analysis 
As a pilot ‘proof-of-concept’ test of the utility of the FMEA tool for school facility maintenance 
prioritization, an FMEA system was developed for asbestos-containing building components.  
Using Byteworx FMEA software, a system which computed Risk Prioritization Number for each 
ACM building component was developed.  The RPN algorithm employed component type, area 
of deterioration, severity rating, and occurrence rating, all of which were assigned by a team of 
visual inspectors, to compute the RPN. A sample output of the system is provided in Figure 5.  
The RPN ranking generated by the FMEA system was then validated by a team of school facility 
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